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The Ap6|lo-Soy.p2 Test Project (ASTP)^ which flew in July 1975, aroused 
considerable pdblic interest; /iret, because the space rivals of the 1atej^l950> ' 
and 196p''s were .Working together in a joint endeavor, ahd second, because 
their mutual efforts 'included developing a space rescue»systep The ASTP 
also included sig)^ifjcant scientific. expeiinrients,'^^^^ can be 

lis^d in teacliing biology, physics, anji niathemati«j« in sclibois 
Tffisserie? of pamphlets discussitethe Apollo-Soyu^ rni^sjori and experi-: 

• 'ments is a setpf curriculum s^ipplemepts desi^ned^tbr teachers, supervisors^ 
curriculum specialists, and textbook \ynters as WelL as for<he generjal puWic' 
Ncilhelt textbooks n6r. courses of study, "these pamphlets; are intended to 
provide a rich source of ideas, fexamplfes of \the>scient|fic method, pc 
ref0teRQes to standard textbooks, ai^d cleardescripti^ns of space experiments. 
In a sense, ih&jfr may be regarded as a pioneering" form of teaching aid. Seldom 

\ has there becfn such a forthright;' effort |6 provide, directly, to teachers, , 
curriculum-relevant reports of eurrent.^S^^^ res^a^ph. High scl(o6l 
te^chetii who reviewed the texts suggested th^t advanced studeots who iare.^ 
interested might be'assigned'to study one pamphlet and report on it to the rest 
dr^the: class. After class discussipn,' students migfit be assigned i(without 
access to the pamphlet) one or nrtore of the **Questipns for Discussion" for 
formal or itiformal artswers,- tlius stressing the application . -of vyhat w; 
previously covered in the pamphlets. - . ^ / 

the authors of these pamphlets aire Dr. Lpii ^Villiams Page, a geologist^and 
Or!. ThcJrhtQn Page, an astronomer. Both have taught iscience at y^everal 
uriiviersities and have publish^dU 4 bookson science for schools, colleges, and 

* the gerleral reader,; incluc^ng a irecent pne on^ space scie^^ / ! 

.Teshnical assistance the Pages was provided/ by the ^polloE-Soyuz 
Program Scientist; Dr. R./Thpmas Giuli, and'by RichaKTR. Baldwin, 
y/; Wilson L-auderdale, and Susan N. Montgomery, memb&r&of t^e group^at 
the NASA- Lyjidoji B. Johnson Space Center in Houston which brgani&d the 
scientists; participation in the ASTP and publisjiied their^portsof experiment 
tal results: ' . . v , ^ 

Selfcted teachers from high schools and uniyersilj^s throughout the iUiyied 

I Slates reviewed the jDamphleis in draft form. . TKey suggested changes in 
wording, the addition of a glossary of terms xinfami liar to students, and 

-infiprovements in diagrams. A list of the teachi^rs and of the scientific! inves- 
tigators who reviewed the texts for accuracy follows this Preface'. 

' This set of Apollo-Soy uz pa^mphlets wa/initiated andypordinated t)y Dr. 
Frederick B^ tuttle, Director of Educatip/al Pro'^rams, and was supported by 
the NASA;Apollo-Spyuz Progr^am Office; by4:eland J. Casey, Aer6space 
Engineer for' ASTP, and by Williimi D. Nixon, Ediicationa! Programs*" 

VOfficer, all of NASA Hdadquarter/in Washington, D.C. 
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Goals of the' Apollo-Soyuz v \ ' ^ 
test Project^ V 

The two launches and the docking p^he ApoIIo-St:)yuz spacecraft coniprised 
the first manned spaceflight coordinated' by two nations.. The primary goal 
wds to show that two niajor powers, while still compeling in space, could 
bei^fit by a cooperative mission-. The achievements were partly psychologi- 
cal, partly scientific^ and partly technological. For the first time, the Russian 
. people saw 6.S. astronauts on television Americans were able td view a. 
Soviet launch and landing: Specialists in both space agencies recognized the . 
value of a common docking system* for possible rescue missioiis m si)acet 
Planners saw the value, of combining the/ 'know-how" of bQth.countj'ies for 
furthi^r exploration of space: People in the rest of the world, seeing the 
cooperation between two rivafmajor powers, may now have more'TtlteresLui 
space science and technology. ■ ^'''^F 

The joint space project was first discussed by personnel in tjje National 
AeronaulicS and Space AdministrationT^ASA) and the Spvi^tAcademy of 
Sciences in October 1970. Almost 2 years later on May 24, IME, the mission 
Concept #as finalized in Mo^w when V* An Agreement CdnVemirig Coopec^ 
ation jn the Exploration and Use of Outer Space' ■ was signed by the Chaiimsui 
of the U.S.S^R. GounciLof Ministers Aleksey Kosygin and President Richard 
M; Nix^n. During the next 2 years, detailed plans for all aspects of the flight, 
incliiciiiig common design elements, joint experiments, ajKl press coverage, 
were negotiated. The astronauts and the cosmonauts- exchanged visits, 
learned each other's language, and subsequently shared meals while in orbit 
222 "kilometers above the Earth. They are now respected friends, ' 

^s for previous spacefiight§j NASA, scientists and engineers planned 
experiments and other activities that would'yi^ld dat^ of the greatest possible 
value from the overall mission investment of approximately $220 million. 



Internatiorial Meeting 
in Space < 



Astronauts and Cosmonaut^ 

The men who made the first international docking in, space^^three NASA 
astronauts and two Soviet cosmonauts, are shown in Figyre 2. 1 . The Apollo 
Commander, Tom Stafford, is a Major General in the U.S. Air Force. Before 
Apolio-Soyuz, l)e had jjowr) on three NASA missions — Geniini VI, Gemini 
IX, and Apollo 10. The Soyuz Commander was Col. Aleksey Leonov. On 
March 18, 1965, during the Voskhod 2 nriission, he had taken mane's first walk 
in sgace. . 

For 13 years, D. K. (Deke) Slayton, the Docking Module Pi jot, had been 
Director o/ Flight Crew Operations at the NASA Lyndon B. Johnson Space 
Center (JSC). He was excluded from spaceflight because of a heart problem 
which cleared up by 1972. Apollo-Soyuz was also the first space mission for 
Vance* Brand, the Command Module Pifot. Valeriy Kubasov, the Soyu 
Flight Engineer, had flown on one previous Soviet mission, Soyuz 6. • 

In addiponito the general training for the entire mission, each astronaut ha 
to become a spec ialjg't. For instance, before the flight, Deke Slayton leamei 
every design detail of the Docking Module (DM) anci^was ready to repair or 
service it. All three astronauts were taught to speajc R^ssian, and the cc|s- 
monaut3 learned to speak English. The rule was that the speaker must always 
use the listener's 'language. Before the flight, each astronaut studied tfhe^ 
objectives, equipment, and procedures of the 28 ^ientific experiments./ 

During the flight^each crewman (lad an active and specific role in at least 
lOexperiments. In addition^ all had programed duties in spacecraft operation, 
space medicine, and engineering tests. Ajtogetherv their tasks occupied 
almost every minute of the flight, except for nipls and rest periods. | 

After the flight, each astronaut was subjectedw^Several medical exanlina- 
'^tions and took part in many conferences concerning the experiments and tests. 

* •;' . • ■ * • ' ' I 

Time Schedule „ I 

The Apollp-Sbyuz Test Project (ASTP) mission began with the launcWof the 
Soyuz spacecraft, from the Baykonur Cosmodrorne near Tyuratam in the State 
of Kazakh, UiS.S.R., on July 15, 1975, at 12:20 GMT, Greenwicl^ mean 
time was used throughout the. mission to avoid confusion between Moscow 
timQ, eastern daylight time (ES?T) at the NASA John F. KennedV Space 
Center (KSC) irtJ^lorida; and central daylight time (CDT) at JSC in Houston, 
. Texas. . *, ' - !• ^ 

Another kind of time- was also used in planning the flight schedule, (starting 
at the precise launch time of Soyuz. This ground elapsed time (GET) was zero 
hours zero minutes (00:00) at Soyuz launch and was used for both crews' 
*'time line," or schedule of duties. GET was used because the planners didn't 



know iniidvance what the exact GMT of the Soyuz launch would be. 

Anotherytirning difficult^ dfcurred in patching crew activities with. public 
activities in both the Unitid^tates khd the U.S.S.R. The astronauts' meal^ 
and rest periods were normally schechiled at the timcs that people in Houston 
eat and 'sleep. The cosifionauts' schedule was similarly linked to Moscow 
time. But live television broadcasts for both the United States and thie 
U.S,S.R. required some exceptions, ipor instance, the dinner shared by 
Astronauts Stafford and Slayton and Cosmonaut Leonov gn, Apollo started at 
, 5 p.m. Moscow daylight 'time or 14:00 GMT, which was 9 a.m. CDT in 
Houston. / . 



Th0 Spacecraft ' 

The Apollo and Soyuz launch configurations are shown in Figure 2.2. T\}& 
two diffetent booster rockets^e standard item| that have been used for many 
* launches in the two coi/ntries. The Soyuz :b<)oster was designed by^ovief ; 
engineer Sergei Korolycfv, the top man in the Soviet space prograrplintil his^ 
death in 1966. Its 20 '^engines" use kerosene fuel burned with liquid oxygen 
(LOX) to give a thrust of 7 X 10® newtons (795 tons), Thi^lhhist lifted the 
Soyuz spacecraft to ^n altitude of approxinfiately 1 80 kilometers. The acceler- 
ation increased during this time because of* the loss of mass as fuel was 
burned. The booster then pitched the spacecraft over to push it horizontally 
into an orbit^^ around the Earth. This orbit Was not exactly circular. It was 
slightly elliptic£il< varying from 186 to 222 kilometers above the Earth's 
surface, and was inclined 51.8? to the Equator. ' 

Thfe big booster was then jettisoned (detached), pushed back, and allowed 
to fall. Next, the smaller rocket in the Soyuz spacecraft was fired twice, each 
bum taking place when^the spacecraft was at the highest point ijn its elliptical 
orbit— farthest frbm the Earth; This point is called * * apogee.'! By increasing 
the spacecraft speed, these **apogee kicks" caused it to begin traveling in a 
circular orbit at the former apogee altitude; 

The Apollo launch was similar, except that after the Saturn IB first-stage 
booster started tuming the Apollo vehicle, it was jettisoned before^ the, hon- 
zontal.thrust from the Satum IV3 put Apollo into a slightly elliptical orbit 
between l48 and 168 kilometers above, the Earth^*This orbit was later 
circularized at 167 kilometers, 55 kilometers lower tflln the Soyuz orbit. (The 
^fnaneuvers necessary to raise the Apollo orbit for a rendezvous with Soyuz are 
described in Section 3.) 



'Project Physics, Sec. 7.3; PSSC, Sees: 13'5 and 13-6. (Thrbughoui this pamphleli references 
will be given to kfey topics covered in these two standard textbooks: **Project Physics/* second 
edition, Holt. Rinchar>, pnd Nyinston,i975, and **Physical Science Study Committee** (PSSC), 
fburth edition, D. C. Heath* 1976.), 
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The astronauts* view of Soyuz as Apollo approached 'to dock, and thp 
cosmonauts' view of Apollo, is shown in Figure |2. 3. When two spacecraft 
dock; they ;must be sea\ed together tightly so that none of the atmosphere 
jnside either spacecraft will leak out. In previous. NASA'lunar missions, an 
Apollo, Command Module ((?M) had dock^with a Lunar Module (LM) 
designed to fit it accurately. ' ^^pP 



mm, 
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Apollo and Soyut laiinch configurations. Figure 2.2 
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'(4) thai Soyuz spacecraH as Been from Apollo. 




(b) .The Apollo spacecraft as seen, from Soyuz (Courtesy of U.S.S.R. 
Academy . of .Sciences). , ' 
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the Docking Module 

For Apollo-Soyuz, a special DM had to be 4.esigned and built with seals and 
latches on orfe end to fit the ftpgt Soyuz hatch. On the other end of the DM 

. were seals and latches to ffl w Apollo CM hatch. The DM was built by " 
Rockwell International Space Division in Downey, California, under contract 
with JSC - ' V . 

The DM provided s,pace for several experiments. It also.wasachagiber for ■. 

• converting from the Apollo cabin atmosphere of pi!l|e oXygen at one^third ^ 
atmospheric pressure (3 .4:X 10^ N/m^) to the Soviet cabin 3tmo|^here, which 
was essentially air (oxygen and nitrogen) attwo-third^ atmospheric pressure- , 
(6.7 X 10^ N/ra^>, The Russians noml£^lly use air &t 1 atmospheric pressure j 
(101 X 10*^ N/m^y in their spacecraft but, for the ASTP dock^ 
they reduced |he prissureyso that the^crews could g back and forth between 
the two spacecraft . Without too4ong a delay for changing the atmosphere in the* 
DM. If the.atmospheric pressure is reduced.too quickly, as deep-sea diyers' 
welf know, a nfian suffers^ pains tp bbbfiles of gias forming. in hisj^lood. 
This is called '*the bendsV The Soviet space pfbgram chose ordinary' air at 
I -atmosphere pressure as simpler and less dangerous than the lower pressure 
pure-oxygen atmospliere used in tl^e. Apollo spacecraft. ^ 

The Apollo vehicle, including the DM, was -larger ( liZineters long without 
the boosters) and more massive (14 900 kilogranis) than the 6-metei-, 6750- 
kilogratij^^oyuz.v Figure 2.4^s^ details; pf the two spacecraft at a larger 
scale thari in Figiire 2.2. During launch, the DM was stoWed below the 
Service Module (SMV just as fhe LM wa§ forflights to the Moon. After 
laur^ih, the DM was^'clied on t(5* the front oiF"*lie Apollo CM, as shown in 
Figure 2.4. This transfer of the DM required another Apollo maneuv^r^Tore . 
doclcing, as described in Section 3D. ^ 
• Imp9rtanj design differences included the fittings on each spacecraft that 
the DM had to match. The ''compatible docking system" of the DM-, shown 
in Figure 2.5, included three ffca^ike guides to center the end of the. Soyuz 
spaceqraft, a^circular sealing ring to fit the sealing ring on Soyuz', and thred 
Sfrc^g latches to.fit the' hooks on the front of Soyuz. Figure 2.5(b) shows the • 
sealed ''hatch 3" farther into the DM: The space between hatch 3 and the, 
front end oft^he DM was called the '*pM tunnelV Hatch 3was opened only 
after the two spacecraft were sealed together and c^lbin air was^let into thS'DM 
tunnel to eheck that the docking seal was tight. Figure 2.5(h) also showi^;ihfe^^^^^^^^ 
oxygen and nitrogen tanks that.could be tapped to match either the Apollo or, ■ 
the Soyuz cabin atmosphere. Fffeure 2.5(a) shows the docking targetl3e|Qw 
center on the DM, where the cosmonauts could see it and roll the Soyuz to^hc. 
correct angle for the latches to catch and hook. • 




By Handshakes and Toasts jn Space 

. ^ Docking^NvascoiTipletedon JuI)r'17,;lS75/at 16:09GMT;The twospacecraft 

» . wei*e linked for 44 hours of^oint operations. During this tinie, the crews 

worked on icientific expejriments and engifieering tests. The "first interna- . 
• tional meeting in space," skbwn,in'Figure^2.6, was between the twjo com- 
manders, Stafford* and LeonoV^ at the Soyuz hatch leading ifito the DM. 
Figure 2.7 shows how crewmen moved from one spacecraft to the other. 
Other astronaut-cosmonaut pairs worked in the DM, and each^crewmember 
. visited the othet spacecraft for ameal.'The Russians served Ukjrainian borsch 
<beet soup), spiced veal, sausa^, caSce, aiid friiit juice. The Americans 'served 
roast beef, potat9 soup, tj^c bread iand cheese, strawberriesj almonds, and tea 
* ' with leTnon. There were no toasts in the ordinary sense because liquids do not 



Figure 




Apollo Commander Stc(f,ford and Soyuz Commander Leon bv meet Inspaca 
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stay in lai glass or cup when they are in the weightless zero-g environment in an 
orbiting spacecraft. The soiips, juices, and tea were handed around in plasti? 
**squeez6 bags" and squirted frotn a-nozzle into the mouth.' > • ' 

The ej^perinients and some of tile test? completed while the spacecraft weiy!;^ 
docked are'covered in Section 4 and in other pamphlet*of this series. T-wo of 
the five joint American-Soviet eXj^riments required separation of the space- 
craft ^nd •complicated maiieuvewg of Apollo. One of these (Experiment • 
, MA-148) produced an* artificial;^jciii?se of tKe Sun.'lhe other (Experiment 
MA-059) involved sending a light beam fr6m Apollo to.^oyuz and reflecting 
it back to Apollo. ■ " • ; ^ ■ . ..' 




?; 



Crewmen moving between Apollo and Soyuz. Figure 2.1 
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. ■"■;*■• ^ • ■ ' '■■ ' . .■■ • . • ■ . • ■ 

p Questions fojFlWscussiori ^ , > y . 

' ; - (Time Zones, Emergencies) . • ' ' *V ^ ^ ! 

L The initial handshake between Stafford and Leonoy was significant- 
: event for television .covei^ge. How dipesj)rim^tQlevisron time \j\ Moscow 
compare with prime tiwe'ijn New Yoxk? ' '^/^ ^ 

V '--V ^ :':'*■■. V'' ■ 

^ 2. Why^cajf't a satellite be launched at 45^bove the horiioptal to put it m 
* . orbit around the Earth Without bopsting it first veriicaUy and^drin a 
horizontal direction? ■ 




\ . *>: ' Wh}; was ^Here never' aii ^^^^'p^ssageway between th^ two docked 

4. The hatches must be perfectly Ught wijen two sp^^ 
• If there is even a small IdakV the cabin atmosphere wilj leak to '^he ou^gW ^ 
' vacuum and the crew would ±>e in serious danger. '^hatjjrecautions wpuld ^ 
• ' ' you^'take while undocking Apollo from. Soyuz to ensure that the hatches are . 

. . .. tightly closed? ' v • 
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3 Spacecraft Caunch, 
Control, and Rendezvous 



^ Reaction Moior^ and Thrust^ 



The iuMnch configurations included several rockietniotors, thrUsters, and jets, 
each designed to produce a force^on the spacecraft — or a twist (torque) oij=it 



"about some i:%is. Newton's Third L^w of Motion^ is. the basis for all thgse 
reaction-rhotors, hi shown in figure 3. 1 This law states that forevery action, 
there ts an equal and opposite fraction. The big Saturn IB and Saturn IVB 
.boosters and the Spyuz^boostpr are liquid-prope^lant motors and provide a 
thnlst of more than 6.67 x 10*^ newtdns (750 tons). These boosters bum 
Refpsenc.and LOX or liquid hydrogen and LOX in the combustion chamber at 
hijh pressure. The exhaust gases are forced olit through the nozzle at ejection 
velocity . The reaction to this (rearward) ^^action force'' is the equal and 
opposite forward thrust F^. . 

"An imprc^ssed force, " Newton wrote, **is an actionexerted.upon abody to 
change its stfite of motion. ! ' His Second Law states that the force on a mass of 
ejected gas m^, gives that gas.an acceleration a^, ; that is, F^ = ni^a^ . In simple'^ 
words, the more gas ejected per second and the larger the ejection (jet) 
velocity v^, the bigger-is the ejection force F^ and the-bigger the forward 
tiiriiKt Fp (The acceleration of the gas is from zero velocity to in a very short 
time and is higher for higher temperature and higher pressure in the combus- 
tion chamber. ) At first, the Booster thrust (Fig. 3.1) must lift the fuKLweiight 
of the launch configuration .This weight is the downward force of gravity F^ 
on lhe mass of the booster plus the huge mass of propellantM and the mass 




^^^^^^ 

Reaction motor: schematic diagram of a large spacecraft booster. 



Figure 3.1 



^Projeti Physics, Sec, 19; PSSC. Sec. 22-7. 
v»Projcct Physi(;^i,■Sec:^. 3;9'to 3.1 1; PS$C, Sees. I4r5, l^-S, and 16-6. 



ERLC 



24 



13 



of the pay load nip. The upward acceleratiori of the whole Jaunch configuration 
is again given by ^^ewton's Second Law; a = (F^ '^ Fg)/(m^ + A/ + nip). - 
This accelerati'on is snfiall at first but isoon gets largel" because A/ is reduced - 
by the aniount of propellaht (kerosene, liqui^ hydrpgen, and LOX) burned 
and ejected. ThisTedup^s the weight F^ahd the mass (m^' -f M + nip), so 
that a increases to a.larjge v^alue (27.9 n^sec^ — almost 3 g's) just as all the 
prapellant is used: Equations are given Table 3.1 showing how you can 
calculate the filial (maxiriium) velocity frond the.quaritities iljustrated in 
Figur^?^3.r^ (The^ffects of air resistance, wHich'Iast for only a few mirtutes 
early in the flight, are not included in the equations.) ' • ^ * . 

Multistaige Launch i 

' Fdr SQyuz,iv^ is large enough to put thfe payloacf (spacecraft) intobrbit. How- 
* *ever, the heavier Apollo required a second-stage biDoster, as shown^jn Figure, 
3. 2- . That is, the component called payload in'F^igure 3. T consists of another 
booster ('^Saturn IVB' ■ in Fig: 2.2,- *;secohd: stage" in Fig. 3.2) of mass 

and, after jettisoning the empty first-stage Saturn IB booster, Accelerates to 
V^2 T^^s staging" saves weight and propellanl becausfe of the jettisoned 
massbf the empty first-stageboostef. Whenit isdropped^ there is less mass to 
be accelerated by the second-stage booster! (Space Shuttle, NASA's next 
manned spacecraft, has tWo large first-stage boosters which are jettisoned 
like this but are provided with parachutes so that they cart be. recovered and 
• used again. In fact, tl)e Shuttle paj^loacThas wings and can be brought back to 
Eqrth and landed like an airplane.) ■ r \ ' ■■ . ^ ' 

For missions to the Moon orto other planets, thp system can be extended to 
third and fourth stages. The equations in Table 3. 1 show that four stages will 
give four times. the maximum velocity of one stage if eiach stage is designed 
with the same '*mass ratio" /?. This is the ratio of a fully filled stage to an 
ejndpty stage or R 4; {mi^ + A/ + f^ip)kfni^ -f; nip}. 
- For an efficient launch, engineers make /? as large as- possible by usir^ 
very lightweight oiateriais and thin-walled tanks inthe bboster(ldw/«^). The, 
equations show that ifl? is larger than 2^72 (sb.thaf In/? is greater than IVOO), 
is ^ger than the gas ejection (jet) velocity . The engineers make large 
by using high combustion-chamber pressure; t*hey get the high temperature 
(for the pressure) by lining high-energy propel larits. Ear^y rockets used solid 
prbpcllants like gunpowder with. a '^specific impulse"; of 70 seconds, but 
liquid propellants give much more. Kerosene-LOx has a specific impulse of 
265 seconds; hydrogen-LOX, 364 seconds; and hydrogen-fluorine, -373 
seconds. (The specific. impulse is a measure of the power of a propellant; . 



T«ble 3.1 Formulas for Booster Launch Calculations*^ 




'term 



^ip^vi±hi.u^..^^^^ launch 




il^S^!^^1iwfc»iASi»^^^ Sees. 13-8, 
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' Table 3.1 Concluded 
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expressed in' seconds, it is eqlial to the thrusi (in pounds) divided by the 
amount of propellant burned (in pounds per second), in old-fashioned units of « 
pound-force and pound-m^ss.)' ' ' 

Earth Orbit - ' ■ 

The first-Stage launch booster propels the spacecraft almost vertically up-' 
ward. A horizontal thrust is needed to put it in orbit. The booster rocket starts 
the turn from vertical to horizontal by deflecting its exhaust gases sidewards. 
This is done by vanes'behind the nozzle shown in Figure 3. i , or by turning one ' 
whole reaction motor on gimbals. (In fact, vanes or a; gimbaled motor are 
usually provided to keep the thrust force aimed through the center of mass.) In 
the Apollo launch (Fig. 3 .2), the Saturn IB booster starts the turn just before it 
is jettisoned, and the second-stage^SatumlVB continues the turn to horizon- 
tal. Although there is no.sudden turn to horizontal ■ the Saturn IVB "inserts" 
the sipacecraft into the desired elliptical Earth orbit. 

With all jets and the booster off, the orbiting spacecraft is now in free fall, as 
shown on the left siUe of Figure 3.3, where the spacecraft is at perigee (point 
nearest the Earth). The arrow Vp represents the horizontal velocity at that 
place. If there were no force; on the spacecraft, it would move in a straight line 
along the vector \p . After a While, say 5 minutes, it would get to the end of the 
arrow. However, there a force on the Spacecraft toward Af£. So, in that 
5 minutes, the spacecraft would fall thierdistance Ar toward the centef of the. 
Earth. The acceleration toward garth is somewhat smaller than g (the *cel- 
eration of gravity at the Earth's surface) because the spacecraft is at the 
distance //p above the Earth's surface orr^ from the Earth's center. The radius 
of the Earth is /?£ (6378 kilometers or 3963 miles), so = 7/^ 4- /?£. 
' Newton *s Law of Gravitation'* states that there is a force of attraction 
between two masses m and Af separated by distance r, and ^ GmM/r^, 
where G is a universal constant, ki Figure 3.3, the orbit has been drawn much 
larger than any followed by Apollo and Soyuz. If it were drawn to scale, the 
orbits at// = 170 to 220 kilometers would be only J miUimeterorso from the 
circle representing the Earth. This shows thatFp is.prijy a little leiss than the 
vforce of gravity at launch on tfie Earth's surface, using the mass of the space- 
craft rrt^ and the mass of the Earth Af£, find F^ "^ ^^^Rl^p^y 
acceleration pf/w^ towkrdA/£v (cent,er of Earth) isa^ = Fglnis =^ GM^kp^/ 
But is moving rapidly horizontally at velocity v^, and tne acceleration 
merely ^*bends" its path into the p/bit shown in Figure 3.3. Following its 
motion step by stfep* v^ith Newton'sfSecond Law, we find that the orbit is an 

— ~ : ■ 

, ■*Projeci Physics, Sees. 8.6 to 8.8; PSSC. Sees. 13-8 and 13-10. 
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Elliptical orbit 



Satellite at perigee "'s 




Apogee 



Actual heights, km 

Soyuz initial ■ 186 221 
Apollo initial . 148 168 
Apollo^Soyuz ; 
docked (circular) 222 222 



The orbit of a satellite around the Earth. The size of the orbit Is exaggerated 
for clarity. . . 

ellipse, from perigee at height Z/^, id apogee at height//^ at the Opposite side 
(lo.ihe righi in Fig. 3.3), then back to perigee. The satellite is faUing toward 
M£ all the time, but its horizontal velocity prevents it: from ever reaching 
Earth's surface. The space engineer refers to such an orbit by the values of Hp . 
and//^> For instance, Soyuz- initial orbit was 186 by 222 kilometers, meaning 
Hp = 186 kllometers.and //^ = 222 kilometers. 

Free fall means that no support is provided — or needed— for the space- 
craft or any of its contents. This is the condition of zero-g or zero gravity, 
which results in the weightless state. Food floats off the table unless anchored, 
drinks float out of an open container, astronauts atnd cosmonauts float around 
their cabins, there is no convection of cabin air* and liquids do not stay at the 
bottom of a partly filled closed container. These phenomena niust be antici- 
pated and planned for in spaceflight. ^ 

Astronomers describe an orbit^* by six ''elements." These six numbers 



^Projecl.PhjifttfdL. Sec^ 7.3; PSSC. ScQs. 13-5 and 13-6. 
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define the size, shape, and orientation of the orbit and the time when the satel- 
lite passed perigee (or perilune for the Moon, perihelion for the Sun, perijove 
fpr Jupiter, etc.). The size is given by half the major axis from perigee to 
apogee (A in Fig. 3.3). The shape is described by the eccentricity ». 
e ^ (r^ - rp)(2A. The orientation is given partly by tj|ie inclination / of the 
orbitdl^lane to the Earth's . Equator (or to the plane of 'the Earth 's>6rbit for 
other orbits around the Sun). T\yo other angles arc needed to define the direc- 
tion of>l in space /Theorbits of low Earth satellites are usually described by 
' //pii/^, /, the period r OHme for one revolution), and the direction to perigee. 
Actually/the periodcan be calculated from r2=, 8Tr^/l%A/£ (Kepler's Third 
Law). For a circular orbit (eccentricity = 0, = - ^), this law can easily 
be derived from Figure 3.3 and Newton's LaWs. ' 

Orbit Corrections - 

For several reasons, a circular orbit was. planned for ApoIIo-Soyuz.^ 
The 186- by 222-kilometer Soyuz orbit was therefore circularized by 
two ' 'apogee kick^^ ' ' which increased by approximately 1 5 m/sec, leaving 
Hp - //^/= 222 kilometers. Each apogee kick was a timed bum (5.7and 21 .0 
seconds) on the main thruster as thfe spacecraft reached apogee with correct 
orientation (longitudinal axis po/nted along by control jets). 

In order-to aim their thrusters (and also to aim the spacecraft for certain 
experiments), both Apollo and Soyuz had to be rolled about the X-axi^ or 
turned around the Y-axis or Z-axis. This was done by four sets of * *RCS quad'* 
jets on A|K)llo, as shown in Figure 3.4. The reaction control system (RCS) jets 
are beXlered around the Apolio center of mass. Firing two of them, as in 
Figure 3.4, starts a tqm or roil. When i^pollo'^reached the desired orientation, 
jets were fired in the opposite direction to stopthe turn or roll. In this way, the 
Apollo main thrusler was aimed correctly (to give F/ along in Fig. 3.3) for 
apogee kicks. 

The, Apollo orbit was circularized from. 149 by 168 kilometers to 167 
kilometers and was in the same plane (/ = 51.8**) as So^uz on July 15 at 
23:31 GMT. Approximatoly 2 hours earlier, the Apollo crew had separated 
their spacecraft (CM and SM) from the liirge Saturn I V3 booster, turned 
around by using the small RCS quad jets (Fig. 3.4), and latched onto the DM 
in the Salum lVB. Slowly they backed ^way, pulling the DM out of the 
Satum I vB. Then they made a bum (0.9 m/sec). to get far away from the 
abandoned Saturn rVB and thus avoid a possible collision. • 

The trickiest maneuvering was for, rendezvous, when Apollo came up from 
a lower orbit tj3 join Soyuz in a 222-kilometer orbit just a few kilometers 
away. Before this maneuver, the^'phasing'* had to be rights Apollo had to be 




Control Jets used to turn the Apollo Command and Service Modulia. Four RCS 
quads of .the Reaction Control System are located around the center of mass 
of the Command and Service Module. The two Jets that are. firing, as shown 
schematically here, provide clockwise torque around the Y- axis. 



at the right place in it$.:^jt>^t, so that when it was boosted to Higher orbit; it 
would be near Soyuz— n6t only in the same orbit but also at the same place 
in the orbit. Figures 3.5, 3.6, ani3.7 show the rendezvous rnaneuver. In 
Figure 3.5, the c ire ular debits arouira the Earth are shown, with Apollo moving 
faster in its lower-orbit; then rising (with £^^bum) a little higher than Soyuz, 
and finally dropping back to the SO^uz height fqr the rendezvous. In more 
detail. Figures 3.6 and 3.7 show the height above Eartb at various times after 
the Soyuz launch. For the first 14 hours, Soyuz oscillated between apogee 

^(222 kilometers) and p^pngce (186 kilometers, increased to J91 kilometers 
5 hours 32 minutes aft<?r launch). rEach oscillation is oi^e full orbit iarpund 
the Earth. / ' * 

Starting 7 hours 2^0 miniites after the Soyuz launch, Apollo reached a 148- 
by 16S-kilpmeter orbit, circularized at 1 1:1 1 GET, then burned again at 13:0' 
GET to reach a 168- by 196'-kilometerelliptical orbit. Figure 3.7 shows L, 

. last 4 hours (48:00 to 52:00.GET) in greater detail, with Soyuz circularizegat 
222 kilometers and Apollo briefly circjularized at 205 kilometers. Apollo made 
a bum at 50:56 GET to spiral outward for rendezvous. This bum was timed 
when Apollo was somewhat ahead of Soyuz so that the upward climb slowed 
Apollo to approach Soyuz from the forward direction. The ipeed in orbit is 



■ V, * 



a- 



■ \ 



^ ^ARendezvous ' 




Figure 3.5 Apollp and Soyu2 orbits during tHe last hour before rendezvous. 



1- 



given by a formula that can be dejjyedJTable 3.1) from Figure 3.3 and ' 
Newton's Law of Gravitation, v = sj^GM^F. Orbifal speed is slower for , 
larger r, so when Apollo was boosted higher than Soyuz, itcame back at Soyuz 
froghthe front side, as showft in Figure?!??. Soyuz; just waited in circular oi^it. 
The.crews lined up the two spacecraft accurately, and the Apollocrew gently 
guided the DM against the front end ofSoyuz (only 1 8 millimeters off center) 
on July ITat 16t09GMT. ' 

Except for the final steps io docking, these orbital maneuvers were planned - 
by large electronic computers at kASA JSC and at the Soviet Baykoriur'^ 
Cosmodrome. The computatiohis are based on Newton's Laws, as in Table 
3. 1 and in Figure 3.3, togethei; with small corrections for atmospheriip drag (a 
deceleration of appro^mately 0iXX)l:m/sec2 at tfte 222-kilometer altitude). A 
spacecraft's position in space iSfComputed moment by moment and checked in 
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several ways: onboard accelerorneters check changes in velocity. Earth-based 
, radars track the spacecraft, and Earth-based cameras photograph it against the 
background of stars/The spacecraft **attitude" (directions of Y-, and 
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• - . Time (GET) since Soyiiz launch.' hr 

Apollo and Soy uz heights above the Earth for the first 1 4 hour^ of ground eliapsed Figure'S.iS 
..time. ' ' ■ ■ \ " ; • y / 
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Figure 3.7 Apollo and Soyuz heights above the Earth for the 4 hours before rendezvous. 

i^-axes in space— see t^ig. 3.4) is checked and controlled from time lo time! 
This is necessary for docking, for providing thrust in the correct direction, for 
. . ' aiming" solarrpanels at the Sun (Soyuz used solar power, as shown in Figs. 

2J and 2.4), and for pointing directional radio, antennas correctly. 



^ Attitude Control 



A reference frame for attitude control is provided by smdll gyroscopes in the . 
spacecraft. Three of these spinning wheels, one withils axle along the Xtaxis." 
one along the .Y-axis, and one along the Z-axis, are supported by gimbals 
(bearings). The spinning wheels tend to keejD their axles in..fixed directions. 
There is an inevitable slow ''drift' ■ due to friction in the gimbals. If they were 
. perfect . Without drift, these gyros wpijld measure even the slightest change in 
direction of the spacecraft axes. The directions ^e checked from time to time 
by astronaut sightings oh the Sun^and. stars. Thei. astronauts updated the 
onboard computer when sightings were lnade» so that the attitude of Apollo 
was.knowh faiVly ii^rately at any instant. (On largbr spacecraft such as 
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Skylab, very large stabilizing gyros were used to maintain attitude. For 
instance, jf the spacecraft started, to roll because an astronaut was moving 
something, the Y-axis gyro would automatically lDe forqued to ojjpos? the 
roIK) ■ - ■ / .'. 

Communications . 

The computer in tj^e Mission Contix)l Center at JSG in Houston kept track of 
these gyro readings and of the RC^S quad jet torques (Fig. 3 .4). Keeping track 
* of aftlitude; orbital: maneuvers, data from experiments, and all the other- 
operations on Apollo-Soyijz required a worldwide communications network, 
as shown schertiatically in Figure 3.8 and discussed in Section 4p. Sevejiteen 
groiihd'statiohsf and^^ of the NASA Spaceflight Tracking and Data 

Network (STDN)—Which^; oper;ij^ the world at a cost of $iOO 

million/yr — were used for'tKe 10 daysof tbi"Appllo-Soyuz mission. >^t4ast 
one of the STDN station^ould /'see'* Apollo-Soyuz approximately 17 
percent of the lirhe; that is, fl|}e liinie of sight to the spacecraft was at least T 
above the horizon at the grdthpd station so that radio communication was 
possible. The ATS-^c<immunicalions satellite, which was. in a 24-h6ur 
geosyrtphrpnous orbit 35 900 kilometers above Lake Victoria in East Africa 
(42 280 kilometers from the Earth*s centef), could relay ApollorSoyuz signals 
through the ATS\ground station at Madrid, Spam, about half thfe time. When 
the crews were out of- contact, they' tape-recorded reports and scientific 
nieiJ^urements, then played the tape back the next time radio contact was 
made.; " . - ^ ' ^ • ' ' ■ - ■' :\ 

There were nine Sovie^dio*.recei.vQrs, sevejo in the U.S.S.R; and eastern 
Europe and two on ships at sea. Figure 3.8 shows the radio frequencies in 
megahertz used on each radio circuit and the landlines. used between the 
Mission Control Cienters in Houston (MCC-H) and Moscow (MCC^M)*\Qf 
course, the^ voice circuit and radar ranging between Apollo and SoyuiSvere 
"essential during docking maneuvers. uSoviet . ground stations also relayed 
^ Apollo voice message^ tO'Housion and^STDN relayed SoyUz voice messages 
^to Moscow. All tRese comniuniqation links were heavily loaded at time^, a!5 
noted in Section 4D, but they worked well. ' ; 
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Figure 3.8 Apollo-Sbyuz communications llnltt^ \ 



V 



ERIC 




ERiC 



i Questions for Discussiori ^ 

i (NeWten^s Laws/^N^ Power, Escape Velocity) ■ ' 

4^1^^^^^ physical laws predict that a satellite wiir have* lowerrorbital 
h vll^ity'^^it apogee than at perigee (the point closest to* the Earth)? 

^ip^f 6. Explain how ii.n orbit is:circularized,w|i»n the spacecraft velocity is 
j Mncreased at'apogur (the point farth^sf frdnj;lfi(3^ 

, 7. How .wotild yOii circularize*an 6rbir when.the spacecraft is at perigee? 
;Hpw;vvouJ(j the size of the resulting circular orbit conipare with that resulting 
from an apogee kick? 

8. How would you use nuclear power for rocket propulsion? What precau- 
^ tiohs would have to be taken? . - . . 

. 9. ?The escape velocity frojrn Earth is 1 1.2 km/sec. How much more 
needed to escape from the solar system? ~ 

• 10. If all the fuel for the small RCS qu?id5c;ontrol jets had been used, would 
' it have been possible for the astronauts infiide Apollo to twist (roll) the 
spacecraft to a new attitude t)y pullingiithet^^^ 

<^ U. If a satellite's orbital ecceairicity must be incii^hsii^dy^Qn wou^ld you 
. fire its thruster? ^ ^ . ' ;X v*^ '^r . ■ 

' . 12. For which Apollo-Soyuz experiments in Table 4\^^^ circular orbit 
helpful? A low orbit? A high orbit? 

:>.f::^^ that the boost had been imperfect j§ind;Apollo were in pircular 

.'c ^pirbii L(J,Ic4pmeters directly above Spy OZv How would^ get it down tlose to 

' v^-i^V:! ^^^^ an'tibject ^esnr|iec;hange its motion 

\^^vr^nfc.ss"^^^^^^^ folrce. In orbiting spacecraft ' wh^^T^^ 

^ . ; .lSv-Ay|tia^^^ circuit between Apollo and S.byuz before, 

during;'' would you consider inriportant? ■ |. 

. .V 16. Hi5>V; dipTp> atmospheric drag affect the orbital speed of an Earth satel- 
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4, Apollprl^^^ 




& ■ 




yC^ Experiments Perforrtied ; i :v^^ ^ 

Ini 1972, NASA invited scientists from all over the v^oi^ld to propose exjperi- 
nvents for the Apdllo-Soyuz rtussibh: .lij^ll,: I.isi ;jpto|)^^^ subniitted to " 

^iSSA Headquartgrs in WashingtjQi^^D.C was . 

a^kigned a number: MA-OO^te>^^ .' Qf the- J propQsals, 135 came 
frpm scientists in.jfhe, ypited. States; eight. froni We^^d^^^ 
. . ■ . France; four from Inffla; ^hree to 
Scorianjiv SwedenV'^i^ 
* y . . objective,, described the equipfrieirit necessary; e v 

* • :. Volume pf^ihc equipment, and esitim.^ted-the am'oun^^ < 

.. ■ : monaut liA Tcquin^^^ in flight. Fiinally.v the t;'^ iqf building the ^quij^ I 
■ \ arialy ziri'^he experiment results wtjfs est imated^ = For. 0 inv^stigitibrij^, . - ' 

• ' .;' >NASA supi^iiey the neces!saiy;fupds; fcireigfi investi|'at6r§ were.spbris6r«d:by /^^^ 

; /•\thejr^res>pective goverhmcn . \, '"'^ V^. ''V'-'--'^''^^^^^^ 

; vTTle/li-S. National Acaderfiy'iiif St-'ie^^ 
>. and rated them according to/^cicjntific value. Then, on the basis/ol ^(^'^^^^ 
; \ cost, operating timtS -and complex^^ 
, r^ASA Manned Space Flight lExijerinients Board (MSFEB) selected\tl?^;v28 

experiments listed in Table-4;jr.!the M 
. ' and retained many of the bioWdical; tests bf the astronauts that had been 
standard on all NASA nrtanneq fiijghts;. For explanation of the terms. used in 
v^^ilble.4.1, see the referencedjpa^^ ' ' . 

u > V j^h^^ experiments ajnd three oft^ie jpngineering tests are described'in the other ' 



'^^V?jff 'fe'^^ P^"^l!(^*^^^ in this series. T|iq|( are grou iK:cbrdlng to subject matter in 
. physics^ glology . biojegy, an^^rigineering courses./EiVe of the.experiments 
. (^A^148,MA-059, MA-i47, I|^i^l50;:andi5J^^ 
by; Wstrojiiiut^^ a cjpsmonauts*;^/!^ 

' exfj|^rimen|s«--<on^^ by as&ohdqt^^ experi- ] 

mertis (M|\-rl07 artd MA-OKIJ' wijjfe funde^d by the Federal Republic of 
G&rftariy . /feach experiment wa^ sii^rvise^ by a Principal Investigator (PI). 
;^T^ifcllc '4 the scientific pir^kitfM^ which, in most cases, provided . 
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Table 4.4 ». Apollo-Soy uz. Experiments Ihd Tests 



" .■ 




i^^dft^ sky for ibft xrri^ J 

*^ pbsei^aiibjt • backgroiinil ^< :5 

; • Gryistifl - MeaS;ure the radibacUve . " 

ActivatiQri , isotopes created by cosmic; 

V gamrtia-xayi detector?^^^ 



Artificial 

V 



Photograph th€^ s^pltu^ 
Solar Eclipse Uom Soy^t^y^^^ 
-■: ' (joint) ' ; ■ •■ 'blocks^-puty^ 

Extrertiei ; Sunrej^cf^t^^ . . 

Ultraviolet ' exti;ennP6^lirjav^^^ 
Survey ' . . .and back^FOun(i>: ' ' 



A-p8^:^ ; r InteptelW V! vJi^T'^^ 

:* Helium pfe^v ehtering- t|ie solar syjsteih / 
^ '^v arid measure i^ den^^ 
mptlpri.;- 

-■■ : ■ ' ' .'-a', .' ■ ' '-^ ' ' ■ ' • '■ 
\ Measure 4arge-sck^(3CK)-j^ 
gravity au^ on the ' 
:'^^i;f(-;"-;-t-V:;"^f"'v ;;Earth's:^iiifa^ 
• ; n^|i?"te cjiiari^ jth ihe 300-khi ; 

' ■:■ ;■' •■-■^v w^;^': ;'^eparation' be(we^^A||bn6';"-^ ^ ^ 

:^ j GecKlynamics : 

^'v;: "'^tarUi'- a- -vb^ti^tf 'phbiogfajpi^'^^ 
:,;'^/:%atures;'(rift^ 



'^atBerkeley;:B;?S^St'^I.|ls^ 
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' Cd&4'asiftsnaut blood'- 



Cbllecta^^ blopci sa^ 
;bcforc:ari^^ 



/Obsttvc artd photograipfi 

J|S||||'H^^^ ,v'ba)y fish and fis|%tched , 

ml\i0f&i^^^^^^^^ ' • ' - ftom eggs in zcnj^gj \ \ \ \,. 

Ri«5asii- t:3 ^^^'^i:xA.^.^\- .ppetatc and photograph 
.^i^^j....,^ ofxhemical 

bp^/^'^r^ 1; : : fotos; liquid spitading/iml 

^W^'^^^ wicV'action-inzeroTg'., l'^;-. 
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There were also six ^*Soviet 'unilateraVV experiments conducted by the 
cosmonauts: . ' f ' .. ; . 

1 . Solar Corona and Zodiacal Light. Photbgraphs taken just before sunrise 
and jiist after sunset added to the results of MA- 148, Artificial Solar Eclipse, 

• ■ ',' ■ ■ •■■ . • . , ' ■ ' . " ^ 

2. Earth's Upper Atmosphere. Photographs of tli^e Sun and stars near the 

horizon sho^^ the refraction of light in the atmoj^ere, from which air density 
at high altitude can be derived. ' 

3. Earth'-s Horizon. Photographs of the Sun near the horizon are used to 
estimate aerosol density at various altitudes// . This experiment was similar to 
MA-007» Stratospheric Aerosol Measurements. ' • ' 

4. Bacteria Growth. This experiment was an independent study related to 
MA-I47, Zipne-Forming Fungi; \ 

5 . Fish Embryonic Development. This experimeHt was similar to MA- 1 61 ^ 
Killifish Hatching and Orientation. \ 

6. Genetic Experirnent^ Various living cells were carried on Soyuz. Post- 
flight examination by microscope sought to detect the ieffect of weightlessness 
on cell division. 

The locations of expe[irnental equipment on Apollo and Soyuz are shown 
in Figure 4. 1 , t(^elher with the vehicle axes, Xy, Yyv and Zy. Note that Soyuz 
photography of the Artificial Solar Eclipse (MA-148) !was aimed through al, 
window in the forward Soyiiz hatch along the4)lus-Xy axis when Apollo had 
the DM aimed at Soyuz. Also, the ultraviolet-light source (MA-059) was 
beamed out of the DM along the Apollo plus-Xy axis and reflected from retron 
reflectors on the back of Soyuz (minus-Xy 5xis) and sidewise along its 
minus-Zy axis. ; 



Major ExperimentarResults 

Following are some of the important results of the Apollo-Soyuz experiments.. 

MA-048, the Soft X-Ray. Observation Experiment, 6cicctcd pu\scs frjbm an 
x-ray* source in the Small Magellafiic Cloud (SMG X-l), which showed it to 
be a pulsar— a rotating Neutron Star — ^in orbit aroynd a hot giant star/^ee 
Pamphlet 11. ■ ' 

; MA'083, the Ixtreme Ultraviolet Survey, detepted four veryhot stars, 
including the white d\yarf H^ 43 (coitoborated by MA-048) withra tempera:, 
ture of 110 000 to 150 000 K. See Pamphlet in, 

MA-I36, the Earth Observations and Photography Experiment, showed 
that the Red Sea Rift extends along three f^ult lines north of Beirut, Lebanon/ 
and implies a counterclockwise rotation of the Arabian plate in its continental 
drift/ This experiment also detected waves. of salinity in the ocean off the 
western coast of Spain; See Pamphlet V; ' \ 

^ MA'0O7, the Stratospheric Aeroispl Measurement Experiment,, showeolhat 
routine monitoring of atmospheric aerosols is possible from long-term satel- 
lites, an&°found the aerosol density jn the Northern Hemisphere to be 1.5 
times that^n the Southeni Hemisphere. See Pamphlet Y. 

MA-p^59.>th'^ Ultraviolet Absojjptidn Experiment, detected 1 ,2 billion oxyr 
gen atoms/em^ and 8.6 million nitrogen atonris/cmS at the 222-kilometer 
altitude. See Pamphlet V. 

MA-On, the Electrophoresis Technology^ Experimeni, shpwcd thsit the 
static column workedvwetl in zeco-g and may be an effective way to enhance 
the production of urokinase, an enzyme useful in treating victims of strokes. 
See Pamphlet VII. V . 

MA.'060\ Interface Markings in Germanium Crystals, showed that crystal- 
lizatioh in space proceeds at an increasing speed as liquids cool to form ^olids. 
See Pamphlet VIII. 

MA-085, Crystal Growth From the Vapor Phase, showed that large and 
perfect crystals can be grown much faster in zero-g. than op Earth. See 
Pamphler VIII. • 



"Project Physfcs, Sec. 18.6; PSSC. Sec! 23'?.; 
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Orgahizafion of FUght Experiments 

^;St\i<iy of the|d.ata' obtained frb^ some of the ApoIIbrSpyuz experiments will . 
"continue at least iihtil 1S!,77— 5 years after the scientists made their^proposals 
in 1972. This isliot surpri^g. Imiwrtant measurements are worth 3 years of ; 
preparation ami 2 years, of study. Figure 4.2 shows why it took this long to : 
prepare for the^ flight* The mip^lification. of the ApoHo CM and SM and the 
construction of the DM took approxirnately 2 years. During this time, the 
proposals and preparations for the/experiments were revievyed, selected, 
approved, designed, reviewed, built, and tested^as showa in Figure 4.3; This " 
careful preflight work makes sense. On a $220-million mission, you::tion't 
waqt to put an experiment in orbit oply to find that it doesn't worl^^The 
.indJ||^du*a^^ groups r6sponsibIe for the experiments t)n the ApolIo-'Spyuz 

V missipn-i^ f'igure 4.4. 
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Command 
and 8«rvlctt 
Modula 



I Mo(^i^tc^£i^ '(6iii^ Test Project 

I SubsV^tem and integrated tests ' 
I Modification fof.Skylab rescue 
I Storage y 



. ;MQjditi|:ations for experiments /ATS-6| 





•yatem,^^ 



VS^iil^^f^S ^^^^^ Moduli construction. 



Figure 4;2 
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Organizatlbhar diaQram of NASA space sdience experiments. The Principal 
Investigators (bottom kx^xes) proposed the experiments and are responsible 
for reportlhg the results. ... 



Figure 4.4 
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p Schedule and Tdemetr^ y,^:^:^- 

- Asonthe previqus Ajfello mEssiOns, twoo . 
• ^^ important. These were the astronauts'^ Vtime line'* and the communications 
; schedule. Both were **time jimitetl." there was so much for the astronauts to ; 
do that' aimost every minute of their working day was scheduled: Spacecraft 
. .• maneuvers or. housekeeping," 'skin swabs, light flashes, Earth' observa- 
^- 'tibiis, all sorts of photography, starting the multipurpose furnace, crawling 
, into the DM to shake Hands, eating a Russian mei^vtuming off the furnace, 
and counting the hatched killifish were only a few of their activities. Figure 
• 4.5/is a sample of 10 hours of the flight plan, where all these activities are 
• fitted'tpgether. When there was a.change in the flight plan because s^ 

went wrong (such as the breakdown in the MA-b48 Soft X-Ray Observation 
Experiment) or because something was added, the astronauts got an eveiiing 
message from MCG-Houston, giving detailed changes in the next day's 
activities. Mostly, the time line followed the flight plan, which the astronauts ; 
had rehearsed many .times before"* launch, . Z 
^ Sc|metimes the communication links (Fig. 3.8) were heavily loaded. When 
Apollo was out of contact with the STDN radio receivers and the ATS-6 
radio-relay satellite, spacecraft and experimeht.data were recorded ori tape 
and; played back when STDN receivers next came in view, . 

An elaborate communications plaii was prepared before the ApoUo-Soyuz 
mission. Almost every needed message was foreseen, and voice- radio, tele- 
: phoneV teletype, and facsimile circuits were sfct upto handle them. Between 
Moscow and Houston, there were 13 voice circuits as well as two teletype^ 
circuits and television. If the Apollo astronauts or Soyuz cosmonauts could be 
heard only in Moscow, their messages were instantly transmitted to Houston, 
and vice versa. Expieriment data, telemetered in digital form> went from*; 
. ground receivers through the NASA Rlisbert H, Gpddard Sjiace Flight Center 
(GSFC), near Washington, D.C., *to Houston /ifirough circuits capablg of 
carrying 100 000 bits/sec. The comn9unications^plan was so well thought put 
that none of these circuits were .overloaded^that is, no message had to wait 
for a free circuit, 

It is remarkable that the Apollo-Soyuz mission was completed with so few 
problems. Near the. very end. as Astronauts Stafford, Brand, and Slayton 
went through 3-g deceleration in reentering the Earth's atmosphere, danger- 
ous gases were sucked into the Apollo cabin. Nitrogein tetroxide, used in the 
attitude-control jets, canie into the spacecraft through a yalve'used to rnake the 
cabin atmosph'efe equal to that outside the spacecraft. The crew failed.to set an 
aiilomatic system t6 prevent the gas from entering the cabin, and, as a resul|^ 
their lungs were burned before they reached the open air. Extensive medical^; 
testing after splashdown and a period of rest showed that their injuries were 
, not serious. . , ' „ v *■ /.r)^. 
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Questions fQrDiscus^^^ 

(Engineering, Entei^rtcy) ,^^ 

:^ 17. Hqw can you explain tH^^l|e^fer:der^^^ atmosphenc aifei^O^is ' 
Northed Hemisphere of the EipuftiiC^ Hemiso^ 



18. What manufacturipg indHstnes flight benefit by operatl^ft^in a spdc^^^^^^^^^ 
siation at zero-g? 

19. How can JslASA reduce the preparation time for spacfe ^xfi^rirnerH^ 

20) lf the astronauts' and cosmonauts had not learned eacff^thers- ' la^^^^ 
guagc» how would you haVe rerouted cQjnniuriications befNveen .Apbll6^ a^^ 
Soyuz? ; " ' 



V . 
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^i^it^s^ (Answers to Ouestions) 

1; ^S^ii:2F)l^ 38° E lodgitude, NeW York at74'' W longitude, v 

The tiiiife diftei^^ longitude/hr, U JiS hours;.MQScow time is later 

than New^6rk'&;'(^ hours^apaiitO'Assu that 

niiost Russi^s 'waiit.to watch television at 7 p. m/, prime time in Moscow^ 
would be. atinQc^^^^^ New York (1 p':m^. EDT). The 

handshake ^ctyally took place at 9:20 p.m. Moscow stanct^rd time, 10:20 
p.m. Moscow daylight time, or 3:20 p.m. EDT. • 



. . ■ • . 2. (Sec. 2F) A 45*^ l^Unch^ unless iffexc^^^^^ 

kni/sec, would give a^tMjipti^al o^^^ El^h*s center that would* 

; A comecloser t^ian /?£ to the center (Fig. 3.3^; Thus, the spacecraft vv^puld^ c?ra^h ■ 
A^^inU) the Eartjl^s surface. : • . . [ ■■' ,■ -^^^^ 

r:''f'*\. '3,i!Sc(:i 2F) It was necessirj; ;keep:the 5^ 
. ^/atnriosphere at tw&'-thii-ds noniial J^'^hrsUrf^^ 

ApoHQ pure-oxy gen cabin atiTiosphere.'^t p^ - 
: DM atmosphere altei^jated bfttw^fcr^ If there \had*^ee^i"^^ 
■■ /i. <)t)^[ss^ei\Vay;^^n have mairitairied th^'p^bj^^-^^ 

O?-'!^^^^^^ oxygen Gpnteji^'far';^^^^^^^ anckcosmonauts tolbreathe natur- " 

S*V;^^i; '^y^ opened leaks in the CM, and. 

^ serious fire hazard in Sbyuz. 

^ ' : ■ ■ * c^;^(Scc': 2p^^^^^^ a yalve ni'feasin^ - 

. : . r. .' I^.^t^^^^ Soyuz and. 

• air. is. leaking throMgtx^hfe hatch or Valves in Soyuz or 

f : . > 5, (S^c. 3G):T5*b 

: ' • ;drag, .the^ sum qt^^M energy is.a constanUAt * 

' ; perigee y y^hcrc tFjfe.iaiJeilite^ it h?is low pore ntial energy 

\ and high kxneiki;^ y)^i(j/70^fii?^^ 
■ . (farthes^^^^rajpi^ Ipw-kjibetiG e^ 

/.low oWitai velocity y^. ■, ■. ■ . - ..vj^:"'- 'S.'^;;-.'. ., 

keplerjs Second Law of. Planeta^^^j^.tion is $pm^ 
. that a line from the 'S^un to a planet (3|;^frbni the Earth's center to a satellite) ^ 
, sweeps out. eiqual areas in equal times, ainy where in the orbit, l^h\!^ is required 

to conserve anguiar'rnomentUm frt^Vi r , where i^x is the cross velocity perpen- 
. . . > dicular tor and is equal to v^^ at pengee ajid^tO v^ at afjogd'^^^^^ = 
satellite has smaljeist r and lar^s^v; at apogeeVit has largest r and.smallest v.; , «f 
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6» (Sec. SG) At apogee; th6 orbital velocity, v^-arid the kinetic e 
^E^ — Vim^v^^ ort lower than for a circular drbit. at tha^ the 
"EarthJs center (Fig. 3.3); An "apogee kicV increases v^l^ith the correct 
bum time,. it can increase to v^, the cifcuiar velocity. Theii the spacecraft 
has higher kinetic energy- and is in.a higher energy orbit. . , 

7. (§ec. 3G) At perigee, .thed)rt)ital veloc kinetic enieiTgy 

Ep = Vim^v^ are higher than for a circular orbit at that distance frop the 
Earth's center ?(Fig; 3.3). B);?ririhg .the thnisterjo r^dwc^: to th 
circular velocity at r^' the orbit can be circUlarizedi lt is ismaller than the 
circular orbit in Question 6, but n ote that the circiilar yelocity and kinetic 
energy ^rc larger because — ^GM^fr. . . • 

8- (Sec,, 3G) Controlled nuclear fission might be used 10 heat !^ater,-^ 
Ear{K-based nuclear power plaht^. Nuclearrfission energy would then be ^ 
substituted for the' fuel's.cheniicai energy'v^^^^ the exhaust gascis; but. 

!water (or ot^r propellant material) must stjllbe carned-5,^d nUclear-powered . 
rockets designed so fafr have serious weight disadvj^htages. Pfecautions afe 
needed t(j) shield the crew aijd tlie instruments in the payload from nuclear 
'Xadiaiicrti..and^t contammatiipn of the.Earth's.atmb^phere (ot that of 

:6iher planets) '^ith radioactive ej^haust g^^^ - / 

''■I 9. (Sec/ 30) The rpass of the Sun is 2^^ kilograms or 5l^G00 tirfies 
the niass of the Earth, and^our distance froni: the Sun is about 150 million 
kilonieters, 23.5P0 times the Earth's radius. The yelodity of e^ape from the. 
solar system at. the Ea rth's locati on is the velocity o f escape fronrt the ^un at 
that location; V5 = V2G^7j^ , This yelocity is^^\^^ 

rtiimes ihi5Lyele?ity .0^ escape from the Earth,' or 41.^ kWseC;^ • 

ipv (Sec. 36) IfftHiere were conycnienV, handholds 
around the inside ^rpuntfei;^ rice of the , DMy an\astronaut could turn .himself 
around the longitudinal axis (Fig. 3.4) and make the Xptollo spacgjcraft roll, 
in the opposite direction. (Re(er tb conservation qf angular momefhtjum.) 
When he stop^, the spacecraft roll stops: The angle through which the ^pace-; 
^cr^ft turned is a sms^ll fraction of the opposite angle turned by the astronaut. It 
depends on the mass and size'of rhdastronautXQO kilograms,^meters) and the 
spacecraft (13 450 kilograms,.about 4 meters in diarn^ter). 

' '• • ^' \' ■ ' ..•■•■■„.■■"'..:: 

11, iSec. 3G) Make *'perigee kicks'-^to increase Vp'.(Fig. 3.3). . 

12, (S6c. 3G) Apollo-Soyuz was in a toW (222 kilometer) circular.orbitj 
. Alnjfosl hll the experiments in Table 4M wer&^ff^ by the height//. In ah; 
^elliptical orbitv where the height would change^by a largp amournVsix experi-- 

ymQuis would have been affected; that Ts,* their measur^enis would have. 



been less. accurate or more difficult to. interpret.- The fo)lowing eXperinients 
benefited from a. near-circular, orbit: , v 

' ■■ • . *■ , . . .. ' ^ .■ .'■■'M' ■ 

MA-059, Ultraviolet Absorption-, because the oxygen ian^imitrogen denai- 

ties would vary if // vari'ed ' 

. "* ' ' ■ ' ' ' 

./ .MA-089, Doppjer Tracking, and Geodynamics, because; they 

•could detect, .^rav/ty anomalies of the same 5/ze» all around fhef Earth at 
constant // * . ' . » . * j- -i:-- 

MA-136, EartJ^Observations and Photography, because the mafliH({ij5ca/^ 
(size of a 1 -k jjomeiei^ieaturc o'h photographs) is always the same at constanil// 

MA-089, Interstellar Helium plow, because the spacecraft speed (and its 
Dopp/^r is constant at constant // ■ .^.^ 

The low brbit benefited M A-089, DppplerTracking^and MA- 128, ^Geo:^ 
dynamicjs,. because they. could detect smaller gravity anomalies from low//*:' 

Thp following experiment^would have bpefited from a higher orbit: 

MA- 136, Earth Observations and PhotograAy because ihc^ spacecraft 
spefd would have been slqwe/y and larger aretfsof the Earth's stirface cpuld 

have been sfeen at one time . ' ' 

' • _ * ' ' . . . ■, _ ■ 

... MA- 148, Artificial Sblar Eclipse,'because t^t^'^^ackground of scattered 
sunlight would have been less * y v 

MA-083, Extrem^, Ultraviolet (EUV) Survey, and-MA-088,' Interstellar 
Heliunri Glow, because EUV absorption in the Earth's atmosphere would 
have been smaller and EUV background {;rom ^the geocoronai^*"(cloud^of 
hydrogen and( helium around the Earth) would have been smaller 

^. MA-011 and-MA-OU, the. Electrophoresis expe'riments.-jand all the 
electric-lfurnace experiments , (MA-010, MA-044, MA- 1^6, MA-070, 
MA-041: MA-131, ^^A-060, MAr085, MA-028) because ApoUo-Soyuz at 
H =.- 222 kilometers was not exactly at z;ero-g. (Atmospheric drag caused a 
deceleration of Q.OWl'Wsec^, or 0.00001 g:) At higher//, atmospheric drag 
is closer tb zfero, and weightlessness is hearly perfect. V. 

13| (Sec. 3G) Bebtfdse orbital velocity V is proportional to f/Vri the higher. 
Apoljb would lag.behir|d Soyui, even if you provide a thrust directly toward 
Soyuz. A thrust backxvard, re'tiMn/ig' Apollo'3 v, will dropf^ Apollo below^ 
Soyuz to smailerr and higher v. In this elliptical orbit, ApoHoAVould catch up 
to Soyuz after "^e orbit, about 90 minutes later. *^ • ■ 



-V. A- : 



* 0 j * l2r. (Sgc. 30), The. **fl<>Qting'' is generally the remainder of previous • 

V . . 0 * motion. If food were carefully placed at rest on a table top, it would remain at 
. jji^' res|jj there. However, the very small force of an air, current Voiild. start it - . 



■# ^ ♦ ^ movmg, 
^ ^ ' # ft. (Sec; 31)G) 



Apollo: **Soyuz, are yoii aligned, ready for docking?" (In Russian) 



:v >^ »ff • \ , J )t^oyuz: **Give me'another? minutes," 



Ap(f(lo\ **Docking latches engaged and tightened." (In Russian) 

■% f ^ ' • ■ . . .^ : ■ ...1, 

- -*4Docking Mod^^ is now okay for you^^' (In Russian) 

Sfoyuz: **No air, leak detected between Soyuz and DM.' • * 

. ' ■ ■ ' — ^ 



..... ■ ' ~~ 

'v4po//£?: **Confirm.. Hatch 3 is open." (In Russian) * " 

i> . 16; (Sec. 3G)^Almospheric drag reduces the height of a satellite orbit ^d 
hence increases its orbital speed ' This continues for^ny low satellite or 
|; jettisoned booster until it bums up at// =^30 to 40 kilometers (v^ =yGMglr). 

^17. (Sec.^ 4E) Probably a volcano erupted in the Northern |^emis()here. 
Industrial wastes (snioke) and aircraft polfutlon seldom get" very far above the 
^ ■ ^roposphere* Meteor dtisf is equal iji both heniispheres. Stratospheric aerosols 
^settle downward but are known to remain .for years ftfter ajargc^volcamc. 
V. / explosipn^See Pamphlet V. V : _ 

' j^v^. 18. (Sec. 4E)Industpes that (I) prbduce large., perfect crystals for optical 
> I -and^efeclronic instruments; (2) cast p^jrfect ^heres of metal and glass; 
" .(3)'manufacturayery strong fibei^-linkefla composites or accurate fiber-qptics; 

,^4) use rapic^chemjcal processing arid produce, biological materials like 
vaccitles; (5) produce high-uYlifprmity alloys — all would benefit by opeitating 

at zero-g, , ;f. ► * 

• • ■ ■ ■ ■ ■■. 

^ . . '■ . * ■ •■..•„ 

. 19. (Sec. 4E) Use a spacecraft able to carry a larger paylodid, st^j^^hat 
^ V experimeg^ls ncgijJiBDt be designed and constructed in miniature and can be 
mounted in a siniple manner. (NASA plans ip fly ^ lajf^e reusable spacecraft - 
called the Space Shuttle in the 1980's. With* more friSijuient flighls, dKperi- 
menls ^ill riot need toi>e reviewed and tested so many tinitfes for rdiability.) 
See Figure 4. 3;^"' ' '^ " '^^^^ . ^ \' 
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, 20. (Secj 4E) From Soyuz to.an interore^er in MCC and back to ApolJo; 
ffpm Apollo to an interpreter in MCC and Back to Soyuz, For brief.message$, 
this would introduce a delay^of about I minute. (During the actual mission, 
interpreters at both MCC-H and MCC-M monitored the voice communi^a- 
tfons for possible misunderstandings,), ; ■* * 
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Appenrdix 6 

SI Units / 

Powers of 10 

Symbol^ 



International System (SI) Units 

Names, symbols, and conversion factors of SI units Used m these pamphlets: 



Quantity 


Name of unit 




Symbol 


Conversion fector * 


Distance 

* 

• ^ / 


. meter 




m 

. " ' > 


I km =f 0.621 mile 
• I m= 3,28 ft ' V 
I cm ^ b.394 in. 
I mm = 0.039 in, 

I juim = 3.9^X IO"Mn. = 10^ A * 
I*nm*= 10 A 


Mass 


kilogram 

■ ■■. 


— r — — 


kg 


I tonne = 1. 102 tons 
I kg = 2.20 lb 

I gm = ,0,0022 lb = 0.035 oz . . 
I mg = 2.20 X 10-« lb = 3.5 X lO^^ oZ; 


Time , j 


second 




. sec 
— ' J 


I yr = 3.156 X 10^ sec 
1 day = 8.64 X lO^s^c 
1 hr = 3600 sec 


Temperature 


kelvin . 




k 


. 273 K = 0° .C = 32° F 
. 373 K = 100° C = 212° F 


Area 


square meter 




. m2 


i m^ = loVcmf = 10.8 ft^ 


Volume 


cubic meter 




m^ 


1 m^ = I0« cm3 = 35 ft^ 


Frequency 


hertz . 




Hz ' 


I Ht = i'cycle/sec 
« I kHz =1000 cycles/sec 
I MHz = 10^ cycles/see 


Density J 


kilogram per 
c'hbic nieter 


ft 


kg/m^ , 


I kg/m^ = 0.001 gm/cm^ " / 
. I gm/cm^ = density of water 


Speed, velocity 


meter per second 


•i 


m/sec , 


I m/sec = 3.28 ft/sec 
1 km/sec = 2240 mi/hr 



force hewton \v .'N ' : -Vn = 10^ d^^^^ 

: : : : , • . • ■■ ■ ■ ^ . • 








■ . ■■ ■ ■ ■ ■.' 






Quantity 


Name of unit . 


SymlM>l 


Conversion factor 




Prcssurs 


meter ^ 


' 1^/ 111 , 

.f ..' ' / •. ■■ 






-^nergy 


. joule . . • 


,-j ■' i' ' *■ ■ . • 


= 0.239 calorie 


\*<^ ,' 


Photon energy 


electronyolt 




1 eV = 1 60 x lO-^» J; 1 J = 


10^ erg. 


\ Power 

i' • — - 


watt 




1. W - 1 J/sec ■ : 




Atomic mass ! 


atomic mass unit 


' . amu 


1 amu =1,66 X lO"" kg ' 




I ■ ■ — ■■ , . ' — ^ 
Customary Units Used With the SI Units 


Quantity 


Name of unit 


/ SymlM)! 


Conversion factor , 




Wavelength of 
' light. 


angstrom ' ' \ 




1 :A = O.I nrn = 10-'<> m 




Acceleration 
of gravity 


■■ ■ g.. 




I g = 9.8 nVsecV 






Unit Prefixes 1 ' 


Pntix 


Abbreviation. 


Factor by which unit 
v|s multiplied 


•tet» v 


T ■: 

* ■ . . ■ ■ 








10® 










.4^- ■■•.it:tf ;*^-^:- • , -M i'-: J .('.I-- If ...... 










,hectO<; / 












centi , ■•:■[ 






milli 




_r ^^'^ 








micro 




10-;« 


nano 


■ ■ . V ■ .I.' ■ " ' ■ *■ ■ ■ 


i*o-» 


picp 


■ ■ - <* . ■■ ..... 
v., ■* ■ - ■ ■ ' ■:. ' ■ 




PpwersoflO * * ' v 


. Increasing 


\ . " pclcreaslng- 





102 = 100 , " 


^ 10-2 =^=,.1/100 = 0.01 






10^=:= 1 000 ^ 


. ' 10-^ = 1/1 000 = 0.001 ■ 






10-* = 10 000, etc. V| 
Examples: | " '* 


10-4 = 1/10 000 = 0.000 1, etc. 






Example: 






2 X 10« = 2 000 000 : 


5.67 X 10-^ = 0.000 056 7 






2 X 10^^ = 2 followed by 30 zeros 




'■ ,':\ ' 




■ ■•' ... ■ ^ . 


i *«\ " ' ' ' . • 


■'• - \ , * 
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List of Symbols in this Pamjjiilot s^rrr - v > c;>}^^v?/ 

A ' ■ ■ ■ ' ,|..V.V/\Mi 



* ■!:Mm^My&&^ ■■■■■■■ ; ■ 



i4 half the major .axis (long ^'f^eji^lo^^^ orbit . 



acceleiration, with subscrii^'^^^^ e for ejected gas, and subscript m for maximum 

"E .kinetic energy ' ^■'l./^y^'py^^^^^^ ■' , * ■ ,. 
e ' eccentricity of an eliipri^aj^ 

F force, with subscriijyir fjbP'^jfec^ gravity or gravitation, and subscript t for thrust 

C \ Newton's constaotQpgjraJvtt^^ . ' - . . 
. g ^ accelecatioh of gjraVity^^^ v ^ - 



hei§l^t (altitude);i9jf?a^^^^ surface, \yith subscript ct!,for app^ and siitjscript p 

■ ' ' .f^ro^ge^;,^^^^^^ ' .:<:vf '^-'-^-^^ '^-^ .' . ; 

. r tj^nctfrtaU Equator.^. ;■ ' -^^^ V ^ 

''<^ijtj;:''!'::n^ur^.ldg^ '■l.fj^f^:^. ''*'^:-'"\.;t-^r.^.:^./ 

<\}-i4t\ nnass of pr6p^i(aht^ t)i^ foril^h^aml^bscri for Siin ^ V ;V-:-0^^^ 

V s' ; .«* for 'spac6<;c^ft,;'a^^^^ "change m'^V(^n al^6^rst^^^ 

.'Vki niass ratib (l^Ujicri^iji^^M^ propellant is gone)' - S;^^ Vv ^'^c " 

/?£;\TadiUf of|thig;^^^V/^;^ ■ •^.♦:'';v;;|^.Wv^^^^^^ V;^^^•-V■,^^ 

• ^ v riridius<^^ \ 

k/--^,Viif,V'^iiyj7ft^ distance, and prefix'' A\p^^^ ^^0. 

. ^ y ; . - V c for circular orbit, suT?sCnpfe{^^^ 

Vv;. /. : for, rt^)^^ or payload, subscript r for escai>itrpm^ 

• ■ -escapi?/ meaning **change in" ' , V '^=;^%?^;V'':^'.^ 



Appendix C 




Glossary ■ v 

: References to sections. Appendix A (answers to questions), figures, an(J 
tables are included in the entries. Those in italictype are the niost helpful. 

accekrometer instninient used to measOre^ spacecraft acceleration by 
a springy balance. (Sec' 3D) . 

aerosol ; very sniall- particles of dust,-<)r droplets of liquid,"^*;!^ in the; . 

'Earth^s atniosphere. (Sees. 4A/4B; App. A/no. 17) (/^^^ 

apogeiei the point farthest fronri Earth in an elliptical Earth orbit. To enlarge 
or circularize the orbit; a spacecraft's thru^ter iis tiimed on at apogee to 
give the craft an ''apogee kick."" (Sees. 2C,,3D; App! A, nos/ 5, 6; 

spac^cr^ft launched by Sattifii boosters, 
briglnkily designed for trips to theMobn.t,(Sec. 2C; Figs! 2.2 to 2.4, 4. 1) 

atmosphere a term with three different meanjngs." (1) The Earth's 
atmosphere is 80-percent nitrogen and 20-perceqit oxygen^. The density , 
and pressure decftase with altitude and are barely detectatleraT^()6 
kilometers (see c^^^c (2) Cabin atmosphere ir^iSoyuz was nprmally 
.ordinary air aj sea-level pressure. In Apollo, th^ cabin at nxQsphere was 
; f .;al^ pure oxygen at one-third that pressure. (Sees. 2D, 2F; App. A, 
;;;>,' V^^^ bIso a p6rtiSx^oii unit of gas pressure equal to 

' AT^^ cpi^'iWiin^^^^ satellite a satellite in geosynchronous (24-hour 
period) brbiC 35 900 kilofHiitqrs above L^ke Victoria in East Aifrica, used 
to rebroadcast radio signals to and from^the control station -in Tiiladrid, 
Spain. (Sees. iF, 4D; Figs. iv§^ 4.5) ^ ■ vi-*^ , , . 

attitude the direction toward whibh a spacecrdh is pointing, usually defined/ 1 
by the directions of its X-, Y-, and^ Z-axes relative to the sta^s. 
(Sees: 3Di 3E) ' ' 

booster rocket the large reaction motor used to launch a spacecraft. (Sec. 3i : 
: ;.Figs,''2.2, i./,3;2);!%^ ' ■ . . . " . .. 

circijfit cdmrnunicatioiil^ link' between manned spaCetrjaff ' and ground 
^tations. Some circuits are reserved for voice, televikibri, data telemetry, 
or computer. (Sees. 3F, -^D; Fig. 3.8>;. . . , ' - ; '^z 

circularize ta change an elliptical orbit into a'Cii'cuiar one, usually by 
'"apogee kicks." (Sees. 2C, iD; App. A,, nos. 6, 7; Figs. 3.6, 3.7) 

Cbmmahd Module (CM) a component of the ;A{K>llo spacecraft, attached to 
the Service Module (SM) until reentry into the Earth's atmosphere, when 
the SM IS jettisoned. (Sec. 2C; FigS. 2.2y 4.1, 4.2)/ : 



'COiminiinicaUons sending and receiving messages by radio, televisioti, 

teletype, prtelephone line, centet^dattheMissiotiContrplGenterd^ 
- a* space mission/ (§^cs. J/^^;^^^^ 20; Fig; 3,8) : . 

docking pealing twa sjpacecr^^ether in orbit v^ith Jatches and'idMng : 
'irings so that two hatches'^fiiri be opened between them without losing 
; . cabin atmosphere. Thc docking target (Fig. 2,5) i^sfed by the Qte^ io 

align^the;^sp^cfecraft so that latches fit into hooks/f^lecs. 2D, 2Ef J£>Jf; 
J * App.^^. 15;Figs. 2A 2.5, 3.7,:4^^^^^ ^i..^^^ 
Docking I^|chj|e (DM) a speciaLcompoher«t added to tt»e Apollo spac^^^ 
:\ SO that It could be.docked wjth Soyuz. (Sees. 2D, 3D, 4C; App: A, nos. 

. 3, 4, J5;Figs.2.2, 2.4, 2.5, 4.1y 4y2) >- • 

drag atnfcspheric resistance to the orbital motion of a spacecraft.' Thei effect 
of drag is to lower the orbit. Abpve 2^kil • 
\ very slowly. Below 150 kiIom^tei^|^^ 
■■ JD;' App. A,.no..'l6)' : ■ ' . ' v 
Eartli third planet., averaging 149 S^I^OOO'Vij^^^ veiy 
\neMy a sphere »f^378-ki^^^^^ 
Earth is accompaofi^J b^ the 

• Mo6n distance is p4;.^? kilometers. (Sec. 3C;^g. 3,3) - v / . 
eccentricity. (e). a meajsur^'^the ovainess of ai^orbit.' When e = Oi, the^^^ 

is a circle; when e ==^ 0.!9r!it is a long, thii>e1lipse. .(See. 36>SeeS9jec^^^^^ 
./Physics, Sec.: 7.3;';P^SC!^^^ / ■, 

eclipse covering a brightiojb^c^^ 

the Sun is covered by tliei:*iCl6on. Apollo covered the' Si^^^^ 
ellipse a smooth, oVal Curve accurately fitted by the orbit of asailhlDl^ 

a much larger mass. (Sise^; 2C^ 3C;^ ^^^^ ' • V 

'energy the capability:0f doihgiWbrk: K is Jhf^jne^jgy of motion 

• and is equal to ^^my^k ^^cmiij^ is larger 
the farther ma^ miis from Ejaiftfe:^^^ S icr^j 

escape velocity the speed necessiiy fo^^V^^^ Eartli's gravity. It is 

smallerthe fartlier a spacecraft is%)ni Ekh Table 3. 1) 

forc^ (F) a push or pull on a mass m that prociiaces an acceleration a; 

' F^ma. (Sec. 3A; Fig. 3.1; Table 3 1) ■ : ^ 
fre^ fall when a spacecraft is moving solely under the force of gravity (no 

dragv no thrift). (Secf'SC) . ' : ' 

geosynchronouV. orbit an orbit that is synchronized with the Earth's 
. rotation . A satellite 35 900 kilometers above the Equator with a period of 
24 hours wouldiSe in a geosynchronous orbit; it would always bQ above 
-the same poijit oh Earth;;(Sec. 3F) 
gravity anomaly . a region w^efe gravity is lower or higher than expected if 
the Earth's crust is considered to have uniform density. 



Greenwich mean time (GMT) the time of an event, from 0 atmidnight to 
12 hours at noon to 24 hours at midnight, , as measured at (f , longitude 

. (ijgireenwich, near London, England). (Sec. 2B) 
groiiiid ielapsed time (GET) the time since^aunchXSoyuz lj^uhph on the 

' ApoUo-Soyuz mission). (Sec. 2B; Figs. 3.6, 3.7, 4.5) . ; 
GSFC. the NASA Robert H; Goddard Space Flight C&ntef^it Greenb^ 

.■ ■Maryland. '., ■. ^V^^^'' ^ " 

hatcli a door in the pressiilre hull of a spacecraft. Thie hatch lis se?il6d tightly 
»to prcA^ent the cabin atmosphere from escaping to the outside vacuum. 
iiii (Sec. 2p; App. A, np, 4fFig. 2.5) 

jettison tt) discard. When the fuel in a booster rocket is used up, the now;*,. 
' , useless booster -is disconnected from the spacecraft and vjettisp.ned^^^^^^ 
' ^^(^Ip^jved to fall back to Earth). (Sees: 2<^^ir 3C; Figv ;• v f 
JI^C'jl^ tiii^'NASA Lyndon B. Johnson Spacj?':fefcfi^r in ^&\iston, f e^^ 
Ke^lf?s;Third Law the law whicK stat^ toy4^v: 
..: ^yii^^^ is the period and4 nfe^a^s'tfi^^^ 3.3). Based on 

' iv^iViy obs^^ ofplanetMhe.liW.alsq^^^^ Earth; 

:3^n4 is explainied by Newton's t^Ws:'^ ' t i 

KSfc the NASA John F. Kennedy Spac^j^j^^ntdr at Canaveral, Floridia; 
Ift^nch configuration the combination of boosters, spacecraft, and launch 
: ' ' escape system that must be lifted off the ground at launch. (Sees . 20^ 3 A; 

F/g; 2:2; Table 3.1) ^ 
LOX liquidi oxygen at temperature 90 K or - 183*' C, used with kerosene.: 

fuel as a prppfellant in booster rockets, (Sees. 2G, ?A) 
Magellanic Clottd nearby galaxy, .outside^ the Milky ^^ay Galaxy. See 

. Pamphlet IL (Sec. 4B) • V :r 

Mission Control Center (MCC) ^he operational headquarters of a space 

mission. For ApoUo-Soyuz, there were two:. MCC-H iri Houston and 

MCC-M in;Moscow. (S^^^^ i?^/ ; 

momentum mass times velocity,; referring to motion in a straight Jine. 

Angular in^entum refers to notation iand to motion around orbits. It i^ 

mass tin^esVross-velQcity times distance from the axis of rotation or 
■ 'Center oY orbit. Both arQ conserved. (App. A, no. 5; Table 3.1) See 

Project Physics, Secf 9.4; PSSC,^ec. 14-1. . \,..Sh 

MSFC The NASA George C. Marshall Space Flight Cdnt^r in Huntsvilfe, 

Alabama. : i • :. 

MSFEB The NASA Manned Space* Flight Experiment Board, .which 

decided which proposed experiments \yould be conducted on Apollo- 

Soyuz. \Sec. 4A\ Figs: 4.3, 4.4) 
multistage launch a launch that uses several stages to boost the payload 

into ofbit. After the first-stage booster uses its fiiel, ii4^ettisohed arid the. 



'''' V-.^i* '■*' V-^ 



secondaiy booster^stfired. \Vhen tW second-stage fuel is 




■\- . bposterjs jetti^ned, .and so on. Such multistage launching'^! 

. high payload;velocities. (Sec. 3B; Fig: 3!.2) - 
Neutron Star a vef>r high density, stikf- made of neutrons vljiS^t-; 

Pamphlet II. .(Sec., 48) "" ■ \ ■ ^^--^^^^^^ 

Newton's liaws the three laws of niotion and^^he l^yif^ 

■ ,' .\ pijblished in 1687; explaining alrhost all the motfons. of p^^^ 

^tcliitesvwith higl?;accuracy.:.(Secs. 3A to 3D; Table 3. 1) Se^ Pjroj&t^ ■ V 
^ ' 'Physics, S6es.'k9 to 3,11, 8.6^.8; PSSC; Secs..^l3-8, 13-10^/144^' t 
t. . 14-8, 16-6/; - V; ■, ^'r ' . ' ^'^ ■ ^ ; /. ] ■ 

nuclear power power ddriyed frtffn nuclear reactions b^tweelT^utipns ■■ 

and atom§ of uranfiim, thbriui^. or plutonium; whicjh undergo fission . 

(splittingX. S^ch poVVer ripigj^Jjb^ ised for reaptiori^.^^^^ The fisston 

pr<|4Mcis>fe-W^^ 

orbit; tiie paih fqJIowed by a piahet around the Sun or by,a satdlthe ^uncf > 
theJEartlt, usually an etlipSe. (Sees. 2C JC, 2D; App. AVnos. 5'to 7v 12,^ 
< ^' 13;: Fig^l 3.3, i^) Set Project Physics,' Sec. 7.3; PSSC, Sees. .16-5,. ■ 

■ l'3-6. ^ ^ v''. ,/ ■ . 

-: payload tKe components to^|^ut into orbit on a single-stage launch, such 
, as thati)f:Sbyuz.'On,a multistage launch, the second s'jage is payload for 
7\\ tlie firjjt; the third stage is payload for the second; and so on. (Sec. 3B; ' 

;i^Figv^i);-^; '-..^ ' ^ ' : ■ ■ ■■ 

perigee the point closest to Earth on an elliptical orbit around the Earth. 
• (Secs^.f )G, 3P; App. A,.'nosr5^^ 

period (T) the.time taken by a satellite to travel onc^ around its orbit. 
Principal -Investigator . (PI), the individual responsible for conducting' a 

spac4 experiment and reporting the results. (Figsy.4. j, 4.4) 
pro^llant - both the fuel (keroseiSe) and the oxidizer; (LQX) for a reaction 
; motor. The prbpellant irejected at high velocity/v^ to provide forward 
/ thftisi (Sees! 3A,^^; App. A, no/ 8; Fig. 3.1) ■ - . 
puisar a- pulsating, condensed, ^ar of a type, fifti detected by regular 

• : 1 -second pulses of radio waves. (Sec. 4B) : ' , \ \ j 

RCS quad jets . sniail jets used to roll or rotalie. the^Appildf spacecraft. \. 

■ : (Sec: 3D\ Fig. 3.4) ' .i'' \- ,. 
reaction the equal Tiiit ppposite push oil your hand when yoU push some- 

V thing (Newton's Third Law). Reaction moWrs push gas'oiit the fear : 
nozzle to get the reaction as a forward ihrust^Scc. 3A\ Fig. 3. 

rendezvous the close apprpach of two spacecrafj) in the same orbit so that - 
docking can take place. (Sec. 3D; Figs. 3i6,3.7j ^ 

Satam IB^ Saturn IVB boosters (first stage )and second stage) for the 
. Apollo spacecraft.*(Secs. 2C, 3A, 3D; Fi^^ 
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sealing.ringg jriechanfc^ devid^itleSigned tp fit tightly when tvyb spa^e- 
y, ' craft are docked*§o that: cabin- atniosphere"wiII^ 
i^'j;:-.;' .•;.fIgs,'2■4^2.5)^^:;,' , .:; : 

Service Module (SM) the large part of the Apollo spacecraft that conjtains 
the niiiiri Ahister, tanksv radiojequipnient, and bthe 
„ U is attached to tl\e CM until just before the. CM reenters the Earth's 
: atniosphere. (FigV. 2.2, 4..IX 
solar panel a winglike set of ceils that convert sunlight ^b electric power, 
used oh Soyuz and niany NASA spacecraft but hot on AppIIo. (Sec. 3D; 

.Rg/2,4r „. ■ .-. /\ , " . 

oyuz the. Soviet two-nian spacecraft. (Sees! 2C, 2D/ 3B; Figs. 2:.2 
t0^:4;.4.I)-, - ■" . ■ ■ ' J:. • 

specific inipulse a nieasure of the power of a propeliant: (Sec.'SB) ^ 
stage one -part of the launch sequence; see «iMtoa§£? launch. (See. 3B; 

Fig: 3.2; Table: 3,1) * 
STDN the. NASA Spaceflight Tracking and Data Network: (Sees. JF, 4D; 

teleniibtry the automatic transmission of data to gripund receivers. (See, 4P;. 

y-.^Fig:4,3)' ' ; ■ ■ . 

thrust the forward force F/ provided by a reaction motor. (Sees. 2C,^A, 
3C; App. A, no. 13; Fig. 3,1) ^ \ ,. '\' * 

time line the planned schedule for astronauts on a space mission. (Sees. 2Bv. 
■ v',4D;.Fig.4.5) ' / ' ' ■ 
time zone a region using the satne time of day.^There are 24 time'zones 
around the world, each about f5^ wide in longitude. In the United States, 
. they are called eastem,^ central, ^mountain, and Pacific standard time,. 
. each 1 hour different from the zone on either side". (Sec. 2B; App .A, 
■ no. 1) ■.' ; ■ *■■/'■■ ■ 

torque atwist provided by two offset forcesonabody. (Sec, 3 A;F/g.J.^^^^ 
vector a directed quantity, like?: velocity, 'force, acceleration.* Vector 

symbols |v, F, a) are given in boldface type. (Fig. 3.3; Table 3.1) 
velocity (v)^ change* of^position per unit time, in meters per second. (Secs; 
"--^^^-JA^XD^^Br^ 5, 6,13; Fig..3.3; Table 3.1.) :, 

weight (Fg)^ :,the down\yard force on a mass al the Earth's surface. The force 

: on 1 kiij|ram *is'9.8 liewtons. (Sec. 3 A; Table 3.1) / v 
weightlessness., .the condition of free fall or zerp-g, in which objects in a 

spacecrdCf^are weightless. (Secs.'2E, iC) / 
Xy, Yy, . spacecraft (vehicle) axes, with Xy directed forward (away 
f^om the thruster nozzle), Yy to one jsi^e, and Zy "up." (Sec. 3E; 
\ :■ .Figs. 5:^,4.1) ' ■ , ' ■ ' [■'_ ' ' 

zero-gv the Qpndition of free fall and weightlessness. (Sees. 2E,iC; App. A, 
'••■..no, )8)';'-' . . ' ' : ' ' 
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Further Riea 

. ABC[s df^p(ice \^y Isaac Asimov, Walker and Co. (New York), 1969— an : 
: , niu5|trated gb^^ spiaceflight terms. j ^ ^ , 

Apofia; Expediw Co'rtright, ed. ; NASA SP-SSO; 

V ' i 976p^welUillustraM d^^^ the / Apollo 

; .spacecraft, nrtission c^^ V 
: Appilo'^yyuzTest jPrQject Preliminary Science Rep^, NASA TM X-5'8 1 73 , . 

^^^^^^^^ . ■ '[ 

^ Astronauts and Cosmonauts: Biographical and Statistical Data (Availal;)le 
from the U.S. 'Gov.ernnie.nt Printing Of ficec Washington, D.C. 20402), 
X 197.6-~Kiescribts the nrten pn spate niissionS. 

- : Carrying^he ^ (New 
^Ybrk), 1974— beautifulIy'W arid the 

;;|;-^iflight;pf^ y V ..\ 

%Jh^Krerniin atid the ;to^mo^ by > Nicholas 0 A. .Knopf 

"i S d^ew Ybrk), ■ 1 972T--an/intere5ti'n^; of space exploration by . . 

. V'^ the;U.s^s;R..X' -^^ ■..J;;"..'^''*;. ■' ■■■ 

; The i^arfgtidge of Space: A:^^^^ by Reginald tulhnill, 

; Jbhini.;Pa[y (Jo., Inb: (Ne.w york>, V glossary of H()0 

tenhs; with a section on *\the next 20. years in space." 
Learning About Spfl<!:^, British Departnrient of Education and Science, 1 970— 
" ^ ekcdient explaijtitb^ 

Liyittg in Space X from the U.S. ^Governtneht -Printing Office, : 

. Washington, I^^^ account of ?istrQnaut livinig . \^ 

;_c6n4iiions.-- '^'X " ■ ■ ■ "'^ 

^ .Living in Spa^^^ and His Environment by MhchclY R. Sharp, 

Cc).; Inc. (N^\y York),^l969^wellMllustj&ted survey of 

::k^ndezvousUn^^^^ by E Dennis ^yillian^ (Available 

,1 ;. withpot Educatiorfal jProgfams pivisjfo 
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. / • Ybrk)VJ97f^a wellM Sbvfet spS^^iflight, - ^^^ J:^ V ^ ' 

Space Science and Astronomy: Escape ^)^::.Earth,^^^ Page and Lou 
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